Introduction
The amount of carbon stored in the upper meter of tropical soils is estimated to be 13-17% of global soil carbon storage [Schlesinger, 1977; Post et al., 1982; Sombroek et al., 1993] . Measuring changes in soil C stocks in pastures at different time intervals following forest conversion is often of limited value because the dynamics of C cycling are not revealed, and changes in C stocks that are important over decadal timescales are difficult to detect. We used a combination of isotopic measurements of soil organic matter and soil CO 2, measurements of aboveground and belowground C inputs, and estimates of CO 2 production as a function of soil depth to constrain the partitioning of SOM pools with turnover times of years (active C), decades (slow C), and more than centuries (passive C). Changes in carbon stocks and isotopic composition accompanying conversion of forest to pastures of different management were predicted by incorporating these three SOM components into a timedependent model. vegetation which maintains greenness over this period [Nepstad et al., 1994] and thus also probably depends on deep roots to maintain water uptake. Soils in this region are developed on Pleistocene terraces cut into the Belterra clay and Tertiary Barreiras formations [Sombroek, 1966; Clapperton, 1993] . These sediments consist primarily of kaolinitc, quartz, and hematite and are widespread at elevations below 200 m in Amazonia [Clapperton, 1993] . The soils were classified by Sorebrock [1966] as Kaolinitic Yellow Latosols (Haplustox, according to the USDA Soil Taxonomy).
Site Description
Oxisols cover about 40% of Amazonia [Richter and Babbar, 1991] , and are most common in eastern and southern Amazonia where deforestation is concentrated and rainfall is highly seasonal. Soil pits (2 m x 1 m x 9 m deep) were dug at each site to study deep rooting and to monitor the seasonal changes in soil water content; these pits were also used for our soil and trace gas sampling. The water table is below 45 m at Fazenda Victoria.
To compare soil carbon cycling in pastures and forests, we collected data from soil pits at three mature forest sites, two degraded pasture sites and two managed pasture sites. Pits within each land use type were used as replicates and were located within 0.5 km of each other. Samples were collected and fluxes measured over the period February 1992 to August 1993 (an unusually dry year locally). The degraded pasture site was originally cleared in 1969, planted with Panicurn maximum and later Brachiaria humidicola (both C4 grasses), and has been heavily grazed intermittently to the present. During clearing, surface slash was bulldozed into windrows; our sites are in the cleared areas. As is common for old pastures in eastern Amazonia, woody shrubs and treelets (C3 plants) now dominate the site, and it supports little grazing [Mattos and Uhl, 1994] . The managed pasture site has a land use history similar to that of the degraded pasture until 1987, when it was disk-harrowed, fertilized with phosphorous, and reseeded with a more productive C4 grass (Brachiaria brizantha). The managed pasture presently has no woody shrubs.
Methods

Soil Organic Matter, 14C and
We calculated soil carbon inventory from measurements of bulk density and carbon content (determined from CO2 evolution during high-temperature combustion). Soil samples for degraded pasture and all forest sites were collected in 1992; managed pasture sites were collected in 1993 and 1994. Data reported for 0-10 cm depth intervals are based on composites of eight cores for each site, to account for the large spatial heterogeneity in surface samples (P. Camargo et al., manuscript in preparation, 1995). Samples from depths greater than 10 cm are discrete. To avoid potential problems of contamination associated with pit walls (which remain open), soil samples were taken after augering at least 1 m into the side of the pit. Additional samples for managed pasture were obtained by coring from the surface. Livermore, California [Southon eta/., 1992] . Graphite targets for AMS measurement were prepared using both hydrogen reduction [Vogel et al., 1984] and sealed-tube zinc reduction methods [Vogel, 1992] Trumbore and Zheng, submitted manuscript, 1995] was used to separate soil organic matter into labile and refractory components. The bulk, <2 mm soil was separated by density into greater than and less than 2 g cm '3 fractions. Low-density material is primarily undecomposed vascular plant material and charcoal, while high-density material is primarily mineralassociated organic matter. Hydrolysis of the dense fractions (>2 g cm '3) with a sequence of acids and bases of increasing strength (0.5 N HC1; 0.1 N NaOH-Na-pyrophosphate; 6 N HC1) was followed by measurement of %C and A14C of the residue.
Combustion, CO2 purification, and graphite target preparation for AMS were the same as for bulk soil samples.
Detrital Carbon Inputs
Carbon inputs to the soil through fine-root production were estimated from fine-root biomass with the assumption that the average standing stock of fine-root biomass (0-1 mm diameter) equals the amount of C added annually to soil for a given depth interval. Fine root (0-1 mm) biomass was determined by coring to 6-m depth in each ecosystem in July and January of 1992, and July of 1993. Soil samples were taken with augers along transects between pits used for gas and organic matter sampling in the forest (number of cores averaged for each sampling time =34) and degraded (10 to 16 cores) and managed pastures (7 to 20 cores). Auger holes were lined with plastic tubing when each sampling depth was reached to prevent shallower roots from contaminating deeper samples. Fine roots (0-1 mm diameter) were sorted from each 2-kg sample using flotation sieving [BOhtn, 1979] and sorted as live or dead under 10x magnification.
Litterfall was measured in the forest as the amount of dry mass falling into thirty 0.25 m 2 screen traps and in the pasture as the amount of dead biomass collected from 0.25 m 2 plots (n=30).
Litter from both traps and plots was collected at 14-day intervals. Detrital layer dry mass was measured monthly in each ecosystem by harvesting all dead plant material from twenty 0.5 m 2 plots.
Pasture plots were moved to new locations at 6 month intervals to avoid the effect of biomass harvest on plant production. We assumed litter was 50 %C.
Surface CO 2 Fluxes
Surface fluxes and soil atmosphere CO 2 concentrations were measured in forest and degraded pasture in February and May (wet season conditions) 1992 and in November 1992 and August 1993 (dry season conditions). CO2 fluxes were measured by circulating air between the headspace of a flux chamber and the sample cell of a LiCor infrared gas analyzer. Chambers consisted of a polyvinyl chloride (PVC) ring (20-cm diameter x 10-cm height) and a vented PVC cover (10-cm height). PVC bases were either sealed to the litter layer surface using low C content clay from deep soil layers (forest) or inserted 1-2 cm into mineral soil (pastures). Living vegetation inside the collars was clipped. CO 2 flux was determined as the slope of a best fit line to the concentration increase in the chamber headspace after the cover was placed on the base (5 min.). The rate of flow between the chamber and the LiCor instrument was 0.7 L min '1 . Other details are given in Davidson and Trumbore [ 1995] .
Concentration Gradient in Soil Atmosphere
Samples of soil atmosphere at various depths were obtained by syringe from gas-sampling tubes installed 1-2 m into the pit walls. Measurements of the CO 2 concentration in soil air space used a different LiCor configuration . A known volume sample (usually 0.5 -2 cm 3) was injected into an air stream from which CO 2 had been scrubbed, then passed through the LiCor sample cell. The LiCor response with time was again recorded by a data logger at 1 Hz. The integrated area under the response versus time curve was converted to a CO 2 concentration using a calibration curve derived from injections of different volumes of a standard gas.
Soil moisture was monitored weekly by ti•ne-domain reflectometry (TDR) [Topp and Davis, 1985; Nepstad et al., 1994 ]. An exponential curve fit to the CO 2 gradient in soil atmosphere, combined with effective diffusivity estimated from TDR and soil structural data [Millington and Shearer, 1971] Table   1 ). The total C stored in soils to 8 m is approximately 1.5 times the amount of carbon stored in aboveground forest biomass [Nepstad et al., 1995] .
RESULTS
Distribution of Carbon and
Attempts to measure differences in soil carbon inventory between forests and the pastures that replace them are confounded by concurrent changes in soil physical properties [Davidson and Ackerman, 1993; Veldkamp, 1993; Veldkatnp, 1994] . Although the %C measured in the upper 10 cm of degraded pasture soils (ranging between 2.52 and 2.68 %C; Table  2 Thus differences between forest and degraded and managed pastures at 10-100 cm depth (8-100 cm in the pasture) are not significant (Table 1) . Seemingly large differences in C inventory between forest and pastures in the deep soil are also not significant (Table 1) The degree to which Inc produced by atmospheric thermonuclear weapons testing in the early 1960s has infiltrated soil organic matter may be used to assess the amount of organic matter turning over on decadal and shorter timescales (slow plus SAlthough analyses were performed on 0-10 cm cores, pasture C inventories reported in Table 1 Samples taken deeper than 100 cm were not subjected to acidbase-acid hydrolysis, because of extremely low carbon contents and the problem of determining a "zero radiocarbon" blank value for soil samples. We have assumed that samples deeper than 100 cm will also leave essentially radiocarbon-free residues after acid-base-acid hydrolysis. (Figure 3a) , indicating CO2 production deeper than 8 m in the soil. The degraded pasture has lower CO2 concentration below 300 cm than the forest. High CO 2 concentrations at depth result from modest CO 2 production rates (compared to surface values) coupled with slow diffusion We estimated CO2 production as a function of soil depth from Fick's law, assuming a steady state diffusive profile for CO 2 and estimating effective diffusivity in the soil using published models relating diffusivity to soil moisture and structure [Millington and Shearer, 1971 ]. The resulting CO 2 production rates are summarized in Table 3 (details given by 
CO2 production may be from root respiration or decomposition of soil organic matter (including dead roots).
Comparison of estimated annual inputs of carbon (from aboveground and belowground detrital turnover) with CO 2 production rates (Table 3) suggests that root respiration contributes 50-65% of the CO 2 flux in the forest soil (assumed to be at steady state). Autotrophic and heterotrophic respiration in soils are difficult to distinguish by any method, but most estimates have indicated roughly equal contributions to total soil respiration [Bowden eta/., 1993] . Given the uncertainties in our estimates, our results agree with this 50-50 characterization. The more important conclusion is that our assumption of annual turnover of fine-root biomass yields reasonable estimates of heterotrophic and autotrophic respiration. Production of CO 2 by depth is also calculated for degraded and managed pastures in Table 3 , but it should be remembered that these are nonsteady state soils, and C inputs through root turnover do not necessarily equal CO 2 produced by decomposition. Indeed, the relatively high CO2 production calculated for deep soil in managed pasture is inconsistent with data indicating very low fine-root biomass. The most likely explanation is decomposition of SOM derived from old, dead tree roots in the deep soils of the managed pasture. (Table 4) . Hence the ranges of estimates shown in Table 4 for this fraction, asstuning the passive fraction is 12-14% of the carbon and has a A14C of -250%o (Table 2) The C budget outlined in Figure 6 , when combined with the partitioning of SOM into active, slow, and passive pools as shown in Table 4 , may be used in a dynamic model to predict how carbon inventories will change in response to a perturbation in carbon inputs, such as that which accompanies a change from forest to pasture vegetation. To predict pasture carbon inventory and isotopic content, we ran the forest model but changed the amount and depth distribution of carbon inputs by litter and roots in 1969. We combined 0-10 cm and 10-100 cm depth intervals assuming a linear bulk density change between 1969 and 1992 for the pasture soils (so that we weight 0-10 cm as 0-8 cm in 1992). We assumed that C inputs in degraded pastures initially were higher than the forest then dropped to about 65% of forest values by 1992 (see Table 5 Raich and Nadelhoffer [1989] . Only five studies of tropical forests met the criteria for data quality imposed by Raich and Nadelhoffer [ 1989] , and none of these was a seasonally dry tropical forest. The Amazonian forest of our study experiences a significant water deficit during a 5-month dry season, and a zone of fine-root proliferation migrates down the soil profile as the upper horizons dry. In light of the critical role of deep roots maintaining an evergreen canopy in this seasonally dry ecosystem, it is not surprising that we estimate greater root respiration and below ground allocation of C than expected based on regressions of data from other regions. Obtaining sufficient water in this environment requires a huge investment of carbon belowground.
Nepstad et al. [1994] have suggested that the entire eastern half of the closed canopy forest of Amazonia relies on deep roots to maintain an evergreen canopy throughout a prolonged dry season. We hypothesized that the fraction of net primary productivity (NPP) allocated to roots increases along the gradient of precipitation seasonality from the northwest, where there is little seasonality in precipitation, to the southeast, where the dry season can be several months. Indeed, a forest near Manaus, where the seasonality is less severe than at our study site near Paragominas, was used by Raich and Nadelhoffer [ 1989] , and it seems to have conformed to their reported trend. We expect that other forest sites to the east and south of Manaus will show greater belowground C allocation. The eastern and southern flanks of the Amazon are also the areas undergoing the most rapid rates of deforestation [Nepstad et al., 1991 ]. An understanding of the patterns of root allocation and belowground C dynamics in the forests and pastures of this region is needed to assess the impacts of human activities on the global C budget. 
